While the structure refinement has become straightforward for simple bulk material, the accurate structural determination is still challenging for thin film. Using a combined analysis approach, we have investigated the crystal structure of LaVO 3 thin films grown on (001)-oriented SrTiO 3 substrate. Transmission electron microscopy reveals that the thin films are epitaxially grown on SrTiO 3 and underlines the presence of 90 • oriented domains. Then, the mapping of the reciprocal space by high resolution X-ray diffraction allows to refine the lattice parameters. We deduce that the strain accommodation imposes a monoclinic structure. The reciprocal space maps were then processed and the extracted data computed to refine the atomic positions. We discuss the obtained results and our methodological approach as a promising thin film structure determination for complex systems.
I. INTRODUCTION
Transition metal oxides (TMOs) have been fascinating for many years due to their broad spectra of functional properties, such as metal-insulator transition, ferroelectricity, superconductivity, colossal magnetoresistance etc. [1] [2] [3] [4] [5] [6] Compared to semiconductors or metals, interactions, such as Coulomb repulsion, compete each other in TMOs, giving rise to strong coupling between lattice, charges, spins and orbitals. [7] Among the oxide compounds, Mott insulator [8] are a typical example of the competition between kinetic energy and Coulomb repulsion that induces an insulating behavior. Besides, the lattice structure is also an important parameter governing the electron transport that influences the metal-to-insulator transition. Furthermore, these materials are very sensitive to external stimuli such as temperature or hydrostatic pressure. Thus, taking advantage of the substrate induced biaxial strain, the thin film deposition provides a way to tune the TMOs properties. [2-4, 6, 9] As an example, octahedral rotations in AB O 3 compounds affect directly the orbital overlaps trough the B-O-B angles and could modify transport properties. The majority of the perovskite group compounds are distorted derivatives of the parent cubic (P m3m (#221)) resulting from a combination of the contributions : (i) tilting of BO 6 octahedra; (ii) Jahn-Teller distortion of BO 6 octahedra; (iii) cation displacement. Several theoretical studies have already addressed the crucial role of those contributions on electronic properties. [7] As, the control of the properties of these systems is extremely important in view of their potential technological perspectives, it becomes crucial to understand accurately the structure. While many improvements have been made in the synthesis of perovskite thin film and complex heterostructures, little is known about the crystal structure. It becomes thus difficult to quantify, in a thin film, the relationships between physical properties and lattice structure. Here we present the experimental study of the oxide thin film structure by the combined analysis using X-ray diffraction measurements. X-rays diffraction (XRD) is still after a century, the mostly used non-destructive analytical techniques which reveals informations about the crystal structure. Using Rietveld's method, many bulk structures have been resolved from powder diffraction analysis. However, in peculiar cases the grinding could be unacceptable, think of thin film heterostructure, where the grinding will destroy the material and the properties. Thus, the as-studied powder could not be compare to the parent sample. In addition, when the film thickness decreases drastically, the amount of studied phase is negligible with respect to the substrate contribution. To avoid such difficulty, the combined analysis method has been developed. [10] This technique is based on the Rietveld's method in which a texture parameter is added to the intensity formula. This non-destructive technique can further quantitatively determine the referred orientations, structure, crystal sizes, phases while the sample remains intact. With the development of this method, and the constant improvement in the XRD apparatus (more intense sources (rotative anodes), experimental set-up with seven-circles diffractometers...), the structural analysis of thin films has successfully already been resolved. [11] [12] [13] [14] The considered systems were either the film and the substrate are not isostructural or the film is not fully textured or epitaxially grown on the substrate.
However when comes the question of complex systems structural analysis like epitaxial oxide thin film grown on an isostructural substrate, the accurate structure refinement is still challenging. Firstly, the epitaxy of the film produced a highly textured material which often presents oriented crystallographic domains. It results on a complex diffracted pattern with the convolution of several cristallographic planes contribution in one peculiar reflection.
Secondly, the isostructural relation between the film and the substrate structure produced two diffracted patterns in the reciprocal space which are very close one from the other.
The amount of substrate material being 5 order of magnitude higher than the film one, the diffracted beam coming from the substrate is more intense than the film signal and, if the structures are close, the substrate signal can modify the film signal. The deconvolution of the two signals becomes, thus, difficult. Thirdly, the thin thickness ( 100 nm) of the film produces a weak diffracted beam. It can results in the extinction of the weak reflections in the diffracted pattern which should normally be present because of the peculiar film structure. In addition to those sample constrains in the study, the experimental set-up itself produces limitations in the data acquisition. The system film+substrate allows us to be only in the reflection configuration. In this specific configuration, the experimental set-up produces shadow zones in the diffracted pattern, resulting in inaccessible reflections. [15] The solution to overrule these constrains is to combined several techniques and to separate the analysis in several focus points. Firstly the combination of transmission electron microscopy (TEM) and XRD analyses results in a complete knowledge of the film structure.
Secondly, a film structure analysis can be realized by separately focusing on the epitaxial relations between the film and the substrate, on the refinement of the lattice parameters of the film, even the determination of the atomic position can be separate by focusing on a peculiar kind of atoms. Especially in the case of oxide perovskite compounds, it as been proved that the displacements, from the ideal positions, of the oxygen atoms produce specific reflections in the diffracted pattern. [16, 17] Recently partial structural studies focused on the distortion of the structure and the oxygen atomic positions have been reported. [18] [19] [20] [21] The different studied systems present oxygen octahedral tilt system in bulk form. In order to accommodate the substrate induced strain, oxygen octahedral tilt system in the film is modified, resulting in a distortion of the crystal structure with respect to the bulk one. The B-O-B angles is changed as well as the orbital overlapping. The determination of the octahedral rotations opens the route towards the determination of the orbital interactions and the improvement of the accurate understanding of the observed physical properties.
Here we focus on the characterization of the structure of LaVO 3 (LVO) thin films grown on (001)-oriented SrTiO 3 substrates. In its bulk form, LVO crystallizes at room temperature in an orthorhombic structure (P nma (#62)) with the following lattice parameters,
[22] LVO structure presents mostly tilting of BO 6 octahedra and La displacements which makes it derivate from the parent cubic structure (P m3m (#221)). However in the case of LVO those distortions are relatively small and the lattice parameters can be related to a pseudocubic one according to the
The mismatch between a p LV O and a ST O is about 0.5% indicating a compressive stress. Previously, we have shown that LaVO 3 film grown on SrTiO 3 substrate adopts a distorted orthorhombic structure with the long axis in the substrate's plane. By assuming the oxygen octahedra as rigid body we evaluated the tilt system in LVO thin film to be (a − a + c − ) with α = β ≃ 3.1(1.7)
• and γ ≃ 11.3(1.8)
• . [19, 23] In this article, we extend our study using a combined XRD analysis and resolve the structure of epitaxial LaVO 3 thin films. On one hand we further succeeded in the cell parameters refinement. On the other hand we achieved first results on the atomic positions. mbar. The distance between the target and the substrate is 8.5 cm. [24, 25] B. Structure analysis
Sample used for transmission electron microscopy analysis was prepared in cross-section with a dedicated JEOL ion slicer. After a hand polishing with a series of grinding paper, the cross-section is achieved using a Ar ion beam to decrease the thickness down to 100 nm. Selected-area electron diffraction (SAED) and transmission electron microscopy (TEM)
images were obtained using a JEOL 2010 FEG microscope with a 2.1 Å resolution on the thin film cross-section.
The reciprocal space map (RSM) were acquired using a high resolution 4-circles diffractometer Rigaku having a copper rotative anode (λ = 1.54056 Å) and a 1D detector of 2
• (at Lille, UCCS). This apparatus presents weak wavelength dispersion ( • using 120 channels. For the reflexions were both the film and the substrate contributions are presents, the optimization is performed on the film.
C. Data processing
While exploring the reciprocal space, we scan several reciprocal lattice points, each one being associated to a crystal plane family. If the angles between incident ( − → k i ) and diffracted For the sake of clarity, two reference coordinate systems have to be defined to describe the sample environment. The first reference coordinate system is the sample surface which contains the two axes − → x and − → y . The − → z axis is consequently perpendicular direction. In this coordinates system, three sample's rotation angles χ, ω and φ associated to − → x , − → y and − → z , respectively are described. The fourth circle of the diffractometer corresponds to the Bragg's angle, 2θ, which is given by the detector position. The second reference coordinate system is the crystallographic orientation of the crystal in the sample described by the three vectors − → a , − → b , and − → c which are along the cell parameters.
When tilting the sample around the three x, y and z axes, the beam penetrates the sample differently, and a correction of the intensity before analysis is required as describe by the following equations :
where A f ilm χ is the correction factor expressed by :
where the factor M(ω, 2θ) is
Once this correction applied, we can process the corrected RSM. Each RSM is made of a series of 1D diffractogrammes of 2
• in ω for one 2θ fixed, represented by the (a) arrow on the figure 2. In order to calculate the integrated intensity, we develop a program fitting each ω scan to get an intensity for each associated 2θ value. In figure 2a we show the raw data for a ω scan at a given 2θ value. First, the data are smoothed by using the method described by Sonneveld and Visser. [26] The same algorithm is used to determined the background. Secondly the smoothed data and the background are interpolated in order to get the integrated intensities of both plot. We obtain the distribution of the intensity of the smoothed data and the background along 2
• in 2θ represented by the (b) arrow and plotted in figure 2b) . Finally, the difference between the interpolation of both distributions gives the integrated intensity value of the 3D RSM.
III. RESULTS

A. TEM investigation
Preliminary investigations were made using transmission electron microscopy (TEM) on a 200 nm-thick film. The TEM image, shown in Figure 3a , presents a thin film having a high crystalline quality. This study reveals a perfect epitaxy of the film on the substrate at the interface and a full conservation of the strain all along the thickness. The associated selected area electron diffraction performed on the film reveals that epitaxial LaVO 
C. Cell parameters refinement
In order to invest deeper the structure of LVO in thin film form, we perform high resolution XRD measurement on a 100 nm-thick film. First, we focus on the characterization of the epitaxial relation between the film and the substrate by looking at the four asymmetric reflections (204), (402), (323) and shown in Fig. 7 . They are represented in the reciprocal lattice units q x , q z by using the formula 4 and 5, where λ is the wavelength and θ and ω are the angles described in figure 1 .
This representation is valuable in the case of those reflections because the measurement is achieved in the coplanar configuration, i.e. the angle χ in the figure 1 is kept equal to zero. In order to reach these reflections, the angle ω is defined by the relation : Figure 7 clearly shows that LaVO 3 film is coherently and fully strain on the substrate because of the perfect vertical alignment between the both families of reflections of the film and the substrate respectively. This results confirms the TEM observations described above.
However, the horizontal alignment of these four reflections reveals that they are equivalent, as expected from the Pf simulations shown in figure 6 . Indeed, the deconvolution between the two crystallographic planes families is not possible. Nevertheless, we can conclude from this observation, first, that the a and b lattices parameter of LVO in thin film form are qualitatively very close. Secondly, the four 90
• oriented domains proportions are quantitatively equal because of the equivalent measured intensity for the four reflections.
To performed the cell parameters refinement we record all the accessible reflections allowed by the diffractometer set-up (see the listed reflections in table I). Unfortunately, we observed a huge distortion of the beam imprint when the sample tilts around the x axis (when χ is different from zero). This effect leads to an important error on the absolute value in 2θ of the RSM ellipse center. This can be corrected by using an analyzer crystal in front of the detector but the intensity signal decreased by 2 orders of magnitude. Several reflections coming from the film were not reachable anymore. This explained why certain reflections in table 1 are not associated to a 2θ position.
From the list of absolute value of 2θ positions associated to hkl miller indices, we realize a refinement of the cell parameters of the LaVO 3 thin films using the CELREF software. [27] We have shown in a previous work that LaVO 3 thin film grown on SrTiO 3 has a distorted structure toward a monoclinic structure. [19] According to the group-subgroup theory, the only possibility in our system to be in a lower symmetry is to go from P nma to P 2 1 /m. [28] Thus, the refinement procedure was achieved by refining the bulk parameters transposed in a monoclinic subcell, with the measured data performed on the film (see results in table 1). We confirm that the LVO film crystallized in a monoclinic structure, as expected. The monoclinic angle is β = 89.45(9) According to this refinement, the LVO thin film structure adopts a monoclinic space group which can be describe with the P 2 1 /m symmetry.
IV. DISCUSSION.
To go further in the LaVO 3 thin film structure analysis, perfectly defined the space group and characterized the crystal, we focus our interest on the atomic positions determination.
In fact, besides the absolute 2θ value of a RSM ellipse center, the integrated intensity measured of a reflection i is directly related to the atomic positions, through the structural factor F k , and the orientation. The purpose in this work is to refine the atomic position of the LVO bulk compound determined by Bordet et al. [22] using the integrated intensity of the measured RSM on the LVO thin film. The atomic positions in the bulk compound are described in an orthorhombic space group. With the cell parameters refinement presented above we have shown that the structure of LVO thin film adopts a monoclinic space group.
Using the TRANSTRU software we translate the bulk orthorhombic atomic position into a monoclinic subcell description(see results in table 3 left side). [29] The transformation creates new atomic sites corresponding to a monoclinic description (La(2), V(2), O1(2) and O2(2)).
According to this new description of the crystal, it appears that 14 atomic parameters are variable, with the scale factor and the thermal agitation factors (1 per atom), there are 23 parameters to refine.
During the measurement, we observed an important distortion of the diffracted beam when recording reflection in a non-coplanar configuration (i.e. χ = 0), but considering the very few number of accessible reflections, we assume that the integrated intensity is not influenced by the distortion of the beam when titling the sample around the x-axis.
Thus, the reciprocal space maps in coplanar (χ = 0) and non-coplanar configurations are investigated to get the maximum number of reflections. The limitations are the beam imprint on the sample and the diffracted intensity. Indeed, since we compare the diffracted intensity between different reflections, the incident intensity on the sample needs to be constant independently of the orientation of the sample with respect to the incident beam.
Consequently, it is not possible to access reflections with small ω and high χ values.
We reported 26 measured integrated intensity. In order to performed the atomic position refinement we used the JANA2006 software. [30] This software required at least 5 more times measured intensities than the number of parameters to refine. To overcome this constrain, because of the structure of the perovskite compound, it is well known that the bond between the oxygen atoms are strong and the octahedron can be considered as a rigid body, [16] we thus set the O-O distances at 2 Å. This constrain implies the oxygen atoms to be link to each other in an octahedral environment and alows only octahedral rotations.
Furthermore, as shown with the simulated pole figures (figure 6), those intensities result in the convolution of several crystallographic plane contributions. According to the TEM analysis, the different orientations of the crystal in the film are perfectly known. In order to take into account these domains, we describe these orientations in the JANA2006 software using three twins matrices. One represents the four-axis symmetry loss along the [101] direction and corresponds to the description of the 90
• -oriented domains. The two others are associated to the lost of the two-axes symmetry along the [100] and the [001] directions which creates 180
• -oriented domains coming from the monoclinic symmetry.
In spite of the realistic obtained atomic positions reported in table 3 (right side), the usual accordance factors of the Rietvelt method are to high to consider the refinement results as valuable. [31] A new approach using the quantitative texture analysis and the MAUD software is currently under investigation in order to pursue the methodology. However, this work is a complete new approach to resolved fully the structure of an epitaxial thin film and underline promising results to correlate the structural analysis with the physical properties in the TMOs thin films.
V. CONCLUSIONS
In conclusion, we have demonstrated that it is possible to refined the structure of a LaVO 3 thin film from a laboratory X-ray diffraction analysis. In spite of the atomic positions refinement results, this study is a completely new approach to obtain structural insight of a strongly epitaxial thin film. The results are promising and further analysis are currently under investigation to pursue the methodology. Such analysis can be applied to many systems similar to LaVO 3 .
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